The geometrical structures of various isomers of hexafluoro-1,3-butadiene (HFBD), tetrafluoro-1,3-butadiene (TFBD), and difluoro-1,3-butadiene (DFBD) have been studied theoretically. Natural steric and natural resonance theory (NRT) analyses indicate that the lower energy of skew s-cis conformer of hexafluoro-1,3-butadiene than that of the s-trans conformer is originated from the strong steric repulsions between fluorine atoms particularly in the s-trans conformer. The resonance structures generated by NRT also show that the lone electron pairs of fluorine atoms effectively extend the conjugation, and the large differences in energy among the structural isomers of tetrafluoro-1,3-butadiene and difluoro-1,3-butadiene are in part attributed to the differences in the delocalization energies, in addition to the steric repulsion between fluorine atoms. Other interatomic interactions, such as hydrogen bonding, also play important roles in determination of the structures of isomers of tetrafluoro-1,3-butadiene and difluoro-1,3-butadiene.
Introduction
Fluorine compounds often show unique structures and properties. For instance, the helix structures and immiscibility of perfluoro-n-alkanes and their derivatives have drawn intense attention and lead to various applications. 1 Historically predicting the structures of fluorine-containing compounds has been a challenge for electronic structure methods, often requiring high levels of electron correlation and large basis sets. Recent studies, for example, show that accurate description of the C-F bond length of fluorinecontaining simple radicals requires calculations, at least, at the MP2/6-311(d) level. 2 The structure of hexafluoro-1,3-butadiene (HFBD), the simplest perfluorocarbon with a conjugated double bond, has been the subject of many recent studies. The compound is a model system for linear perfluoro conjugated polyenes. It has been shown experimentally as well as theoretically that the skew s-cis conformation is the most stable one rather than the s-trans conformation. Here, "s" denotes the configuration along the C-C single bond. Comparison of IR and Raman results show that the gas-phase structure of HFBD has no inversion center, indicating that the planar strans conformation is not the global energy minimum. 3, 4 Brundle and Robin interpreted their photoelectron and UV spectra in terms of a nonplanar structure, and predicted a skew s-cis conformation with a twisted angle of 42° ± 15°. 5 An electron diffraction study was also consistent with a skew s-cis conformation and the dihedral angle was estimated to be 47.4° ± 2.4°. 6 A combined study of NMR, IR, and Raman spectroscopy also confirms the earlier results. 7 More recently the vibrational spectrum of perfluoro-1,3-butadiene was assigned and the results were consistent with a C 2 structure (skew s-cis). 8 The band due to the torsional motion was assigned and the barrier to planarity was estimated as 986 ± 150 cm −1 .
To date, there are only a limited number of theoretical studies of perfluorobutadiene. Choudhury and Scheiner studied the structure of perfluorobutadiene using semiempirical (MNDO and PRDDO) and ab initio (STO-3G) molecular orbital methods. 9 The MNDO potential has a skew s-trans minimum, whereas the PRDDO and STO-3G results suggest that the planar s-trans conformation is more stable. Dixon studied the structure and vibrational frequencies of HFBD with ab initio methods. 10 Although calculations with the 3-21G basis set show that planar strans conformation is more stable than the skew s-cis one, the order reverses when the same calculation is proceeded with the 6-31G* or DZ + polarization basis set. The energy difference between skew s-cis and planar s-trans conformations is 1.8 kcal/mol with the DZ + polarization basis set. The torsional potential shows that the minimum is at the dihedral angle of 60° in skew s-cis conformation. Hudson et al. performed ab initio studies at the MP2 and B3LYP/6-31(d) levels to explain their resonance Raman spectra of HFBD, and showed that the skew s-cis structure is the most stable. 11 Karpfen examined the torsional potential and vibrational properties in detail at the SCF, MP2, and various DFT levels. 12 The study reconfirmed that the skew s-cis conformation is the global minimum.
While recent studies indicate that the skew s-cis conformation is the global energy minimum, the origin of such behavior has not been fully understood. Dixon 10 and Hudson et al. 11 suggested that the steric hindrance between fluorine atoms may play an important role in determining the stability of conformations of HFBD. In this study, we have carried out ab initio calculations and natural bond orbital analysis for HFBD in an effort to elucidate the major factors that govern the molecular structure and energy of the fluorine-containing conjugated polyene. In addition, tetrafluoro-1,3-butadiene (TFBD) and difluoro-1,3-butadiene (DFBD) have also been studied for comparison with the results of HFBD.
Computational Details
Ab initio calculations are carried out with Gaussian 98 packages 13 at the HF and MP2 levels with the 6-311G(d,p) basis set. The geometries of various structural and conformational isomers of HFBD, TFBD, and DFBD are fully optimized, subject to the molecular point group symmetry constraint, i.e. C 2h , C 2v , and C 2 for the planar s-trans, planar s-cis, and skew s-cis conformations of HFBD, repectively. Each optimized geometry was confirmed to be an energy minimum or a saddle point geometry via vibrational frequency analysis. Natural bond orbital (NBO) analysis, particularly natural steric analysis (NSA) 14 and natural resonance theory (NRT), [15] [16] [17] are carried out using NWChem package. 18 The exchange energy between the lone electron pairs of neighboring fluorine atoms, each of which carries three lone pairs of electrons, is estimated by NSA in order to examine the steric effects of the large radius of fluorine atom to the energy of each conformation. The C-C bond order and weights of the major resonance structures in each conformation are examined by NRT. All the NBO analyses were performed at the level of HF/6-311G(d,p) for the geometry optimized at the same level. The HF geometries show no significant differences from the MP2 geometries. Figure 1 shows the geometries of the skew s-trans and scis conformers (C 2 ) of HFBD optimized at the level of MP2/ 6-311G(d,p) and numbering of atoms as well. The same numbering of atoms is also used for all other compounds in this study. Listed in Table 1 are the geometrical parameters of several conformations of HFBD, along with those of 1,3- Total bond order/ionic contribution for C2-C3 obtained from NRT. butadiene for comparison. As pointed out in previous works, the planar trans structure is not an energy minimum, and among the skew structures, the s-cis conformation lies 1.015 kcal/mol lower in energy than the s-trans one. The energy difference is consistent with the results of previous studies on the torsional potential of HFBD. 12 The torsional angle Ψ of the carbon skeleton in the skew s-cis structure, 56.8°, is slightly larger than the values estimated in the previous electron diffraction and photoelectron studies, 6 but agrees well with those of previous theoretical studies. [10] [11] [12] We also optimized geometries at the HF/6-311G(d,p) level and compared the energy differences among the conformations. The results are consistent with those obtained at the MP2/6-311G(d,p) level. Only noticeable difference is that the energy difference between the s-cis and s-trans conformations is smaller at the HF level.
Results and Discussion
The lower energy of the skew s-cis conformation, relative to that of the s-trans one, appears to be quite unusual on the basis of the usual assumption that the s-trans structure is more stable than the s-cis one. Evidently the skew s-cis structure of HFBD has a thread of connection with the helix structure of the perfluoro-n-alkane, 1 which is more stable than the planar zig-zag structure. As Dixon found in the ab initio study, 10 the lower energy of the skew s-cis conformation is accompanied with the larger interatomic distances between adjacent fluorine atoms. Other than the distances between the geminal (F5:F6 and F9:F10) or syn (F5:F7 and F8:F9) fluorine atoms, the shortest interatomic distances between adjacent fluorine atoms in the skew s-cis conformation are r(F6,F10) = 2.982 Å and r(F7,F8) = 2.891 Å, respectively. They are to be compared with r(F6,F8) and r(F7,F10), both of which are 2.649 Å for the planar (C 2h ) trans structure, or 2.710 Å for the skew (C 2 ) s-trans structure.
It is interesting that the interatomic distance between the syn fluorine atoms, r(F5,F7), also serves as a rough indicator for the strong steric hindrances between F6:F8 and F7:F10 in the s-trans conformation and between F6:F10 and F7:F8 in the s-cis conformation. r(F5,F7) of planar s-trans and s-cis conformations are 2.669 and 2.638 Å, respectively, whereas those of skew s-trans and s-cis conformations are 2.727 and 2.721 Å, respectively. Note that the van der Waal radius of fluorine atom is about 1.47 Å. The steric hindrance is expected most severe in the planar s-cis conformation; the steric hindrances between F6:F10 and between F7:F8 cause the syn fluorine atoms (F5:F7) to be closer, resulting in a short distance of 2.638 Å. However, the steric hindrances are much less significant in the skew s-cis structure, leading to a larger distance of 2.721 Å. Another evidence of the severe steric hindrance in the planar s-cis structure is the longer C-C bond, which is stretched out to alleviate the strong steric hindrances between the adjacent fluorine atoms.
However, those interatomic distances are all indirect evidences for the steric hindrances. When two fluorine atoms approach each other, the large electron clouds of lone electron pairs of the two fluorine atoms start interacting, causing steric repulsion. Recently Badenhoop and Weinhold have introduced an effective way of estimating the degree of the steric hindrance, called natural bond analysis of steric interactions.
14 The NBO decomposition of the wave function into localized bond and lone pair orbitals allows the steric repulsion to be expressed in terms of relative energy changes of individual NBOs upon orthogonalization, consistent with earlier treatment of "Pauli repulsions." 19 The approach separates the purely steric or exchange contributions from delocalization or charge transfer, induction, electrostatic, or other effects. Quantitative estimation of steric repulsion between fluorine atoms in HFBD would provide more direct verification for the lower energy of the s-cis conformation. Therefore, NSA has been conducted in order to examine closely the exchange repulsions between the lone electron pairs of contacting fluorine atoms.
The exchange repulsion energies dE between the adjacent fluorine atoms of HFBD obtained by NSA are listed in Table  1 . The present analysis show that the exchange repulsions between syn or geminal fluorine atoms change only slightly regardless of the molecular conformation. However, the exchange repulsions between other adjacent fluorine atoms vary dramatically with the conformations. Table 1 shows that the large exchange repulsion energies, dE(F6:F8) and dE(F7:F10) for the s-trans conformation and dE(F6:F10) and dE(F7:F8) for the s-cis conformation, in the planar structures are greatly reduced in the skew structures, consistent with the variation of interatomic distances between the fluorine atoms. The total exchange repulsion ΣdE between fluorine atoms is, as shown in Table 1 , the lowest in the skew s-cis conformation. Distortion of the s-cis conformer greatly increases the interatomic distances, r(F6,F10) and r(F7,F8), which in turn reduce the steric repulsions between the fluorine atoms. On the other hand, distortion of the s-trans conformer does not changes r(F6,F8) and r(F7,F10) as much. The present results on the variation of interatomic distances between the fluorine atoms and the exchange repulsion energies indicate that the stability of the skew conformations of HFBD are largely attributed to the steric hindrance between adjacent fluorine atoms, due to the large van der Waals radius. And among the two skew conformations, the skew s-cis conformer is more stable because of the lower steric hindrance between fluorine atoms in the structure, relative to that of the skew s-trans conformer.
As another factor that may affect the structures of the conformations, we consider the change in conjugation along the carbon skeleton. As shown in Table 1 , the difference in total exchange repulsion energy is slightly larger than the difference in energy between the conformations. The conjugation energy will be certainly reduced in the skew structures, particularly in the skew s-cis conformation with the large torsional angle of almost 60°. It is thus expected that the difference in energy between the conformations is roughly equal to the differences in the total exchange repulsion and the conjugation energy. In order to estimate the magnitude of the conjugation energy, NRT [15] [16] [17] analysis is proceeded, which estimates the bond order and valency that are closely related to classical resonance theory concepts. The estimated bond orders of the C-C bond in HFBD conformers, along with the ionic contributions, are listed in Table 1 . The planar s-trans conformation, which is more favorable in terms of conjugation energy, carries a slightly higher bond order with a higher ionic contribution. The higher ionic contribution to the total bond order is certainly correlated with the resonance structures having electric charges along the C-C bond. Despite the changes in the bond order, the C-C bond is essentially a single bond, as shown in Table 1 , and the bond order varies only slightly about 0.015 depending on the conformations.
The major resonance structures of skew s-cis HFBD, generated from NRT analysis, are compared with those of 1,3-butadiene in Figure 2 , where the structures are shown in the decreasing order of resonance weights. The weights of the resonance structures of the s-cis conformer are almost the same as those of the s-cis conformer. The resonance structures clearly show that the lone electron pairs of fluorine atoms effectively extend the conjugation, and most variations in the resonance structures occur around the C=C bonds. It is also notable that the weight of resonance structure (7), which gives the double bond character to the C-C bond, is in fact relatively small and similar to that of resonance structure (2) of 1,3-butadiene. Therefore, it is expected that rotation along the C-C bond of HFBD increases the molecular energy only slightly, which can be easily compensated by reduction in the exchange repulsion between fluorine atoms. Simple multiplication of the bond energy (normally about 88 kcal/mol) of a single C-C bond and the increase in bond order (0.0267) of the C-C bond of planar s-trans HFBD gives less than 2.4 kcal/mol. By rotation along the C-C bond, this conjugation energy reduces to 1.6 and 1.0 kcal/mol for the s-trans and s-cis conformations, respectively.
Next we have conducted ab initio and NBO calculations for several structural as well as conformational isomers of tetrafluoro-1,3-butadiene and difluoro-1,3-butadiene. The steric hindrance between fluorine atoms is expected much lower in these partly fluorinated conjugated polyenes. However, there may be other important interatomic interactions affecting the geometry of the conformers, such as hydrogen bonding with fluorine atoms or π-electrons. It has been reported that the s-cis conformer is the most stable one for some of partly chlorinated or brominated 1,3-butadiene compounds. 7 Both chlorine and bromine atoms carry much larger van der Waals radii than the fluorine atom does, causing stronger steric hindrance, but they are expected to form much weaker hydrogen bonds. Therefore, partly fluorinated 1,3-butadiene compounds are again good model compounds to examine the importance of the steric hindrance between fluorine atoms, along with effects of other interatomic interactions in partly halogenated polyenes. Figure 3 shows the structures of five TFBD compounds, and Table II lists their geometrical parameters optimized at the MP2/6-311G(d,p) level. 1,1,4,4-TFBD is the lowest in molecular energy among the TFBD compounds studied, and 1,2,3,4-TFBD (I) the highest. The difference in energy more than 20 kcal/mol is not usual for compounds with the same chemical formula and no particular strain or variation in the structure. The major resonance structures for the skew s-cis conformers of 1,1,4,4-TFBD and 1,2,3,4-TFBD (I) generated by NRT analysis are shown in Figure 4 . The s-trans conformers also have essentially the same resonance structures with similar weights. Clearly, the weights of the resonance structures other than structure (1) are greater for 1,1,4,4-TFBD, and structures (4) and (5) are not even found from 1,2,3,4-TFBD (I) in Figure 4 . The lone electron pairs of fluorine atoms extend the conjugation, and the positive charge on a fluorine atom in resonance structures (2)-(5) of 1,1,4,4-TFBD is stabilized by the neighboring electron-rich fluorine atom. On the other hand, the negative charge of resonance structures (2) and (3) mainly attributed to the delocalization stabilization.
Unlike HFBD, the planar s-trans conformation is the energy minimum rather than the skew s-trans structure for all TFBD compounds studied. Among the TFBD's studied here, only 1,1,4,4-TFBD has been the subject of experimental structural studies. Mutual exclusion of infrared and Raman frequencies are observed in a previous study 20 of 1,1,4,4-TFBD, and NMR 21 and X-ray 22 results are also consistent with a planar s-trans conformation. The hydrogen atoms in the TFBD's greatly reduce the chances of steric repulsion between fluorine atoms particularly in the s-trans conformation. Only 1,2,3,4-TFBD (I) has both F6:F8 and F7:F10 contacting fluorine atom pairs. However, even in this compound, the steric repulsion is expected to be much weaker than in HFBD since the fluorine atoms have more room to sway due to lack of steric repulsions between the geminal and the syn fluorine atoms. As a result, the planar strans conformation becomes the energy minimum for all five TFBD's, and they are also the global minimum except for 1,2,3,4-TFBD (I). Table 2 also show that the steric repulsions between fluorine atoms are indeed much lower in the skew s-cis conformer than in the planar s-trans conformer only in 1,2,3,4-TFBD (I). Therefore, the lower energy of the skew scis conformer of 1,2,3,4-TFBD (I), relative to that of the skew s-trans one, is primarily attributed to the lower steric repulsions between fluorine atoms, similar to that found in HFBD.
1,2,3,4-TFBD (II) is the lowest in energy among the isomers of 1,2,3,4-TFBD. For the s-cis conformer of 1,2,3,4-TFBD (II), the hydrogen atoms at atomic positions H6 and H10 eliminate the steric repulsion between F6 and F10 that exists in the s-cis conformer of 1,2,3,4-TFBD (I) (see Figure  3) . Elimination of steric repulsion between fluorine atoms also occurs greatly in the s-trans conformer, leading to a lower energy of 1.75 kcal/mol relative to that of the skew scis conformer. However, it is interesting that despite the less degree of repulsion, the interatomic distance between H6 and H10 in the skew s-cis conformer of 1,2,3,4-TFBD (II) is larger than that between F6 and F10 in the skew s-cis conformer of 1,2,3,4-TFBD (I) as shown in Figure 3 . The larger interatomic distance stems from the larger distortion of the carbon skeleton in 1,2,3,4-TFBD (II), which, in turn, leads to a larger distance between F7 and F8. Table 2 shows that the exchange repulsion between F7 and F8 of 1,2,3,4-TFBD (II) is the smallest among the 1,2,3,4-TFBD's. This suggests that the hydrogen atoms may interact strongly with the π-electrons and/or the fluorine atoms on the opposite side of the molecule. Large distortion of the carbon skeleton causes the hydrogen atom to locate closer to and above the double bond, possibly forming a hydrogen bond with π-electrons, similar to those hydrogen bonds observed in many crystal structures, where π-electrons in multiple bonds and aromatic rings function as weak hydrogen bond acceptors. 23 The distortion also shortens the distance to the fluorine atoms on the opposite side, increasing the possibility of interaction through hydrogen bonds or dipole interactions. However, the interaction between the hydrogen and fluorine atoms is probably not so strong due to the large interatomic distances (~4 Å) in 1,2,3,4-TFBD (II). A strong evidence of hydrogen bonding with a fluorine atom is found in the skew s-cis conformer of 1,2,3,4-TFBD (III). In the skew s-cis conformer, the hydrogen (H10) and the fluorine atoms (F6) at the ends are located closer to each other in comparison with the corresponding atoms of other 1,2,3,4-TFBD's, while the steric repulsions between F7 and F8 are expected similar in all three compounds. Another evidence of hydrogen bonding with fluorine is found from 1,1,2,3-TFBD. The interatomic distance between H6 and F10 is the shortest among the corresponding distances of the five TFBD's, and the distortion angle is smallest. We, therefore, conclude that not only the steric repulsion between fluorine atoms but other interactions such as hydrogen bonding may play significant roles in determination of the structure of a conjugated fluorocarbon. Figure 5 shows the structures of the five DFBD compounds studied, and the optimized geometrical parameters are summarized in Table 3 . 1,2-DFBD is the highest in energy among the DFBD's and 1,4-DFBD the lowest. The molecular energy varies more than 8 kcal/mol among the DFBD's. Figure 6 shows the major resonance structures of the skew scis conformers of 1,2-DFBD and 1,1-DFBD. Clearly 1,1-DFBD has more effective resonance structures, and particularly resonance structures (5) and (6) are not even present for 1,2-DFBD. The lone electron pairs of fluorine atoms again extend the conjugation, and the resulting positive charge on a fluorine atom is stabilized by the neighboring electron-rich fluorine atom in 1,1-DFBD. On the other hand, the negative charge in a resonance structure of 1,2-DFBD is often located next to the other fluorine atom, causing Coulombic repulsion with the electron-rich fluorine atom. The order in molecular energies of DFBD's in Table 3 can be explained in terms of the stability of the major resonance structures.
For all five compounds of DFBD, the planar s-trans conformation is the global energy minimum, which is consistent with previous experimental results. 7, 24, 25 The geometrical parameters of the conformers of 1,4-DFBD are in good agreement with the results of a recent ab initio study for 1,4-DFBD isomers. 26 Similar to the case of TFBD, an evidence of intramolecular interaction other than steric repulsion of fluorine atoms is found from 1,4-DFBD. Despite the absence of steric repulsion between fluorine atoms, the interatomic distance of 2.737 Å between H6 and H10 of scis 1,4-DFBD (II) is larger than that of 2.712 Å between F6 and F10 in s-cis 1,4-DFBD (I), and the distortion angle is also larger in 1,4-DFBD (II). This large distortion moves the hydrogen atoms to a location favorable to form a hydrogen bond with π-electrons. Another strong evidence of intramolecular hydrogen bonding is found from the skew s-cis conformation of 1,1-DFBD, where r(6,10) is surprisingly small (2.356 Å) and the conformer is nearly planar (Ψ = 3.6°). The strong hydrogen bond between the hydrogen and fluorine atoms ties them together and suppresses the carbon skeleton from distortion.
Conclusions
Ab initio studies along with natural resonance theory and natural steric analyses have been carried out for fluoro-1,3-butadiene compounds, HFBD, TFBD, and DFBD. Strong steric repulsions are present between fluorine atoms in conjugated fluoropolyenes, often causing unusual structures. Particularly the large steric repulsions in the planar structures of HFBD lead to the stable skew s-trans and s-cis conformations. The NSA results indicate that the low energy of the skew s-cis conformation of HFBD is attributed to the relatively weaker steric repulsions between the fluorine atoms in the molecular structure. According to the results of NRT analysis, the C-C bond of 1,3-butadiene is essentially a single bond, and remains almost the same even after substitution with fluorine atoms. Substitution of fluorine atoms effectively extends the conjugation, and in the resonance structures, the electron-rich fluorine atom can stabilize a positive charge nearby. The unusually large differences in molecular energy among the compounds of TFBD and DFBD are attributed to the differences in delocalization energies. While the steric repulsion between fluorine atoms is an important factor in determination of the molecular structure of the conjugated fluoropolyene, evidences also suggest that other interatomic interactions, such as hydrogen bonding, play important roles. 
